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[57] ABSTRACT 

The invention is a method and apparatus for character- 
izing residual uniaxial stress in a ferromagnetic test 
member by distinguishing between residual stresses 
resulting from positive (tension) forces and negative 
(compression) forces by using the distinct and known 
magnetoacoustic (MAC) and a novel magnetoacoustic 
emission (MAE) measurement circuit means. A switch 
permits the selective operation of the respective circuit 
means. 

11 Claims, 6 Drawing Sheets 
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METHOD OF CHARACTERIZING RESIDUAL 
STRESS IN FERROMAGNETIC MATERIALS 
USING A PULSE HISTOGRAM OF ACOUSTIC 

EMISSION SIGNALS 5 

ORIGIN OF THE INVENTION 

The invention described herein was made jointly in 
the performance of work under NASA contracts 
NAS1-18000 and NAS1-18599 and employees of the 10 
U.S. Government and is subject to the provisions of 
Section 305 of the National Aeronautics and Space Act 
of 1958, as amended, Public Law 85-568 (72 Stat. 435;42 
USC 2457) and 35 USC 202(8). In accordance with 35 
USC 202, the contractor elected not to retain title. 15 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates to method and apparatus for 
characterizing residual stress in ferromagnetic members 20 
and more particularly to such method and apparatus for 
distinguishing between residual stresses resulting from 
compression and tension forces in ferromagnetic test 
members. 

2. Description of the Prior Art 25 

Residual stress characterization in ferromagnetic 

members such as steel load bearing structural beams and 
girders, wheels, gears and the like is a difficult and 
critical challenge. While a magnetoacoustic (MAC) 
method for detecting the presence of residual compres- 30 
sion without requiring calibration standards is known, 
this technique is not capable of detecting the presence 
of residual tension in a ferromagnetic member and thus 
characterizing or distinguishing between the two dis- 
tinct forms of residual stress. 35 

Another technique generally known as magnetoa- 
coustic emission (MAE) (as shown in U.S. Pat. No. 
4,408,160) is capable of detecting the presence of resid- 
ual stress in ferromagnetic materials resulting from both 
compression and tension forces without the capability 40 
of distinguishing between the two. 

Numerous other techniques for sensing residual stress 
in ferromagnetic members are also generally known. 
For instance, x-ray diffraction is a method capable of 
quantitatively characterizing the surface residual stress 45 
state in metallic objects while the ultrasonic birefrin- 
gence technique, in principle, is capable of measuring 
bulk residual stress in solid materials. 

However, while x-ray diffraction is the only quantita- 
tive method known to the inventors that senses the 50 
amplitude of residual stress, a major disadvantage of this 
technique is that its use is limited to a shallow surface 
region of metallic objects and the surface preparation 
necessary to obtain reliable data. 

The ultrasonic birefringence technique is in general 55 
extremely sensitive to the intrinsic structural properties 
of members examined, i.e., textures in polycrystals. The 
effect of texture on the observed birefringence is com- 
parable or even larger than that due to residual stress. 
Thus this technique requires the use of ultrasonic shear 60 
waves with their polarization perpendicular to each 
other. In practical application it is impossible to main- 
tain the constant mechanical coupling between the ul- 
trasonic transducer and the test object for the two angu- 
lar positions of the transducer. 65 

The Barkhausen technique as described in the afore- 
mentioned U.S. Pat. No. 4,408,160 measures discontinu- 
ity in magnetization as a form of a magnetic acoustical 
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noise signal using a pickup coil as a sensor. A disadvan- 
tage of this method is that when it is necessary to use an 
external magnetic core to induce a strong magnetic flux 
density in a test object, the magnetic noise signal from 
the core interferes with the acoustical emission signals 
produced in the test objects. Further there is no way to 
distinguish or characterize the residual stress as to its 
cause— forces in compression or tension on the test 
object. 

SUMMARY OF THE INVENTION 

An object of the invention is to overcome the disad- 
vantages of the prior art by providing method and appa- 
ratus for characterizing residual stress in ferromagnetic 
members resulting from the forces of compression and 
tension. 

Yet another object of the invention is to provide 
method and apparatus for distinguishing between com- 
pression and tension forces producing residual stress in 
ferromagnetic members. 

Still another object of the invention is to provide 
method and apparatus using both magneatoacoustic 
circuit means for sensing any residual compression 
stress in a ferromagnetic member and magnetoacoustic 
emission circuit means for sensing an undesirable level 
of residual tension stress in the same ferromagnetic 
member and comparison circuit means for characteriz- 
ing the sensed residual stress as resulting from either 
compression or tension forces and the uniaxial stress 
axis in said ferromagnetic member on which applied. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and numerous other objects that may be 
achieved by the method and a preferred apparatus of 
the invention will become apparent from the following 
Detailed Description when read in view of the ap- 
pended drawings wherein: 

FIG. 1 illustrates the MAE spectrum, upper slope 
trace and corresponding pickup coil (PC) output wave- 
form, lower slope trace obtained by applying an AC 
magnetic field in parallel to the cylinder axis of a stan- 
dard formed of ferromagnetic material; 

FIG. 2 illustrates the MAE spectrum and corre- 
sponding pickup coil (PC) output waveform obtained 
by applying an AC magnetic field parallel to the cylin- 
drical axis of a standard sample formed of ferromag- 
netic material under uniaxial tensile stress; 

FIG. 3 illustrates the MAE spectrum and corre- 
sponding pickup coil (PC) output waveform obtained 
by applying an AC magnetic field parallel to the cylin- 
drical axis of a standard formed of ferromagnetic under 
uniaxial compressive stress; 

FIG. 4 illustrates histogram waveforms correspond- 
ing to the MAE spectra obtained from applying an AC 
magnetic field parallel to a cylindrical axis of a standard 
sample of ferromagnetic material through a plurality of 
applied uniaxial stress forces ranging from descending 
positive or tensile stresses through zero stress to increas- 
ing negative or compressive stresses; 

FIG. 5 illustrates the MAE spectra and correspond- 
ing pickup coil (PC) waveform results obtained by ap- 
plying a uniaxial negative compressive stress to a stan- 
dard sample of ferromagnetic material with an AC mag- 
netic field applied perpendicular to the stress axis; 

FIG. 6 illustrates waveforms resulting from a Gauss- 
ian fitting of the MAE histograms obtained at varying 
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uniaxial stress levels for applied perpendicular and par- 
allel AC magnetic fields respectively; 

FIG. 7 illustrates the results of MAC measurements 
obtained from a positive tensile uniaxial stress state 
through a uniaxial unstressed state and an increasing 5 
range of negative compressive uniaxial stresses with an 
external magnetic field applied parallel to the uniaxial 
stress axis; 

FIG. 8 illustrates the resulting waveforms as in FIG. 

7 with the external magnetic field applied perpendicular 10 
to the uniaxial stress axis; 

FIG. 9 is an electrical schematic of a preferred em- 
bodiment of the invention for practicing the method of 
the invention; 

FIG. 10 is a block diagram illustrating the method of 15 
characterizing residual stress in a ferromagnetic test 
member (TM) in accordance with the invention; and 

FIGS. 11(<7)-(J) are diagrams illustrating the result- 
ing waveforms used to both characterize the residual 
stress in a ferromagnetic test member (TM) and deter- 20 
mine the uniaxial stress axis in the ferromagnetic test 
member (TM) on which applied. 

BRIEF DESCRIPTION OF THE INVENTION 

Several unique phenomena have been observed dur- 25 
ing the irreversible domain wall motion in a ferromag- 
net. As a result the Barkhausen and AE-type effects 
have been extensively studied due to their sensitivity to 
the material properties and residual stress states. Be- 
tween these two effects, the former is based on the 30 
abrupt motion of domain wall over pinning sites and the 
latter is based on the progressive rearrangement of do- 
main structure following the magnetization process. 
The AE type effect is the change in material stiffness, or 
more precisely in the elastic modulus, of a material due 35 
to application of a magnetic field and is usually defined 
as (Es-“Eo)/Eo, wherein E 5 and E o are the elastic 
moduli of a particular material at the magnetically satu- 
rated and demagnetized states, respectively. 

A series of acoustic noise events, which occurs al- 40 
most simultaneously with the known and so called mag- 
netic Barkhausen noise, provides a separate methodol- 
ogy with unique capabilities and is the base of the mag- 
netoacoustic emission (MAE) technique. The practical 
application of the AE-type effect to NDE residual stress 45 
measurement involves measuring AF (B)/F, that is frac- 
tional changes in frequency of phase-locked acoustic 
waves as a function of net magnetic induction. This 
method is known as the low-field magnetoacoustic 
(MAC) technique. 50 

It has been discovered that a unique feature of the 
MAC technique is the presence of a negative initial 
slope of AF(B)/F curves when net magnetization is 
induced parallel to the uniaxial compressive stress axis. 
The detection of uniaxial compressive residual stress is, 55 
therefore, possible without requiring a calibration stan- 
dard. 

Heretobefore, the detection of uniaxial tensile resid- 
ual stress, however, has not been possible due to the fact 
that AF(B)/F curves obtained under tension lie under 60 
that of the unstressed state except for certain types of 
steel. 

By comparing the uniaxial stress dependence of 
MAE measurements with MAC measurements per- 
formed with the same test member (TM) in accordance 65 
with this invention, it is possible to detect the presence 
of uniaxial residual tensile stress provided there is a 
sufficient magnetic field intensity and, at the same time, 
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there is an absence of compressive uniaxial residual 
stress in the object. Thus the combination of the MAE 
and MAC techniques as described hereinafter permits 
the reliable characterization of the residual stress state 
in a ferromagnetic test member (TM), the two tech- 
niques complementing each other. 

Maximum Stress Effects on MAE Responses 

The lattice and ferromagnetic systems interact with 
each other through the magnetoelastic interaction. The 
minimization of this interaction energy causes an aniso- 
tropic deformation of lattice unit cells, called spontane- 
ous magnetostriction. An application of uniaxial stress 
adds an angular dependence, which involves the angle 
between the uniaxial stress axis and the magnetization 
vector of each domain, to the interaction. 

As a result, the ferromagnetic state readjusts first by 
moving the domain walls. The rotation of domain mag- 
netization due to uniaxial stress is possible but is negligi- 
ble in iron and most of iron base alloys. For ferromag- 
nets with positive spontaneous magnetostriction coeffi- 
cients, the domains align parallel to the tensile stress 
axis, and they align perpendicular to the compressive 
stress axis. 

Two types of domain walls exist in these ferromag- 
nets: 90° and 180° walls. Under uniaxial tension, the area 
of 90° domain walls gradually decrease upon the in- 
crease in stress amplitude and the domain structure 
becomes uniaxial. Under uniaxial compression, how- 
ever, the domain structure is multi-axial and the area of 
90° domain walls directly affected by the magnetic field 
applied parallel the stress axis, begins to increase 
slightly. After reaching its maximum, the area of these 
90° domain walls begins to decrease as the magnitude of 
compressive stress increases. 

The main factors that determine the spectral charac- 
teristics of MAE patterns are the area of 90° domain 
walls and the rate of their movements, and the state of 
lattice defects. Since the application of uniaxial stress 
affects the area of 90° domain walls, the uniaxial stress 
dependence of MAE generation is expected to follow 
that of 90° domain wall area. 

The axial symmetry of domain structure about the 
uniaxial stress axis is preserved with an external field 
applied in any other direction. Previous work on the 
MAC measurements showed that the interpretation is 
possible — though more difficult for the results obtained 
by applying the magnetic field perpendicular to the 
uniaxial stress axis. This is also true for the MAE mea- 
surements. 

In an experiment, a standard sample of HY-80 steel 
cast block which had not been subjected to any stress- 
relief heat treatment was originally machined into a 
cylindrical bar and then machined to obtain a rectangu- 
lar cross-section of 16 mmX 14 mm for a gauge length 
of 105 mm. Uniaxial stress was applied up to ±200 
MegaPascal (MPa) in intervals of 25 MPa. For the 
MAE measurements, 20 Hz sine wave output from the 
power supply/amplifier PS was used to activate a pair 
of electromagnets having C-shaped cores. For the 
MAC measurements, 5 MHz compressional waves were 
propagated perpendicular to the uniaxial stress axis in 
the pulse-echo mode. A description of these experimen- 
tal procedures follows. 

Referring now to the drawings, FIG. 1 shows the 
MAE spectrum (a) and the corresponding output (b) of 
a pickup coil PC of a test member TM in the unstressed 
state and an AC magnetic field applied parallel to the 
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cylindrical axis. The distortion in the pickup coil PC While the extremely low level of MAE activity under 
output (b) is due to the eddy current generated by op- relatively high tensile stress shown in FIG. 4 can indi- 

posing magnetic flux changes in the sample. The MAE cate the presence of residual tensile stress, a sufficient 

spectra activity (a) is seen to be consistent with the AC magnetic field must exist in the test member TM 

shape of output (b) of the pickup coil, i.e., the MAE 5 and the presence of residual compressive stress ex- 
spectra pulse amplitude (a) is generally higher where eluded. A feedback circuit from pickup coil PC is pro- 

the slope of the output (b) of pickup coil PC is steeper. vided to assure that the magnetic field in the test mem- 

The effect of applied tension is seen to decrease the ber TM follows the sinewave generated by a power 

MAE spectra amplitude. FIG. 2 shows the results ob- supply. 

tained with 100 MPa applied parallel to the cylindrical 10 Results of MAC measurements in accordance with 
axis of the test member TM. The output (b) of pickup the invention are shown in FIGS. 7 and 8. FIG. 7 shows 
coil PC is seen here to be slightly more distorted com- the results obtained by incrementally applying DC mag- 
pared to that shown in FIG. 1. This is because 180° netic field parallel to the uniaxial stress axis. As seen 
domain walls begin to dominate the domain structure there is almost no difference between the curves ob- 
under tension and the rate of the domain wall motion- 15 tained in the unstressed state and under 200 MPa. All 
induced flux change becomes higher. It has been found the other tension curves are positioned under these two 

that the effect of small amplitude uniaxial compression curves. The curves under compression, however, show 

increases the MAE spectrum activity (a) as shown in a good separation between the stress levels. 

FIG. 2. FIG. 8 shows the results obtained by applying the 

FIG. 3 shows the results obtained at — 50 MPa where 20 external field perpendicular to the uniaxial stress axis, 
the amplitude of the MAE burst (a) is seen to be en- The curves in this FIG. show similar effects of uniaxial 

hanced and the output (b) of pickup coil PC is less stress to those seen in FIG. 7. While the steep negative 

distorted compared to that shown in FIG. 1. Thus the slope under uniaxial compression shown in FIG. 8 has 
results in FIG. 3 and indicate the enhanced activity of not been observed in other types of steel samples with 
90° domain walls expected by the uniaxial stress- 25 such a magnetization scheme, the results in both FIGS, 
induced domain alignment. More important, however, 7 and 8 nevertheless reaffirm that the MAC technique is 
are the asymmetry and the appearance of a double peak capable of detecting the presence of residual compres- 
structure in the MAE burst (a) of FIG. 3. These are due sive stress. 

to the motion of 90° domain walls that is significantly With the application of an AC magnetic field parallel 
slowed down. 30 to the stress axis, the peak amplitude of MAE burst 

FIG. 4 shows the MAE spectra histograms generated increased under —50 MPa, as shown in FIG. 3. Similar 
and displayed by the circuit shown in FIG. 9 . These results were obtained at —75 MPa. Beyond this, the 

MAE spectra histograms represent the pulse height amplitude of the MAE burst begins to decrease as the 

distributions of the MAE spectra obtained at the un- magnitude of compressive stress increases. This is con- 
stressed state and at selected levels of uniaxial stress 35 sistent with the well-known uniaxial stress-induced do- 
with the AC field applied parallel to the stress axis. The main alignment in this type of ferromagnet. 
results clearly indicate that the effect of tension is seen The double-peak pattern and asymmetry in the MAE 
to increase the width of pulse height distribution at low burst appeared in the range between approximately 
stress levels, and begins to decrease it as the tensile — 50 MPa and —75 MPa. As the magnitude of compres- 

stress increases to higher undesirable values. This nar- 40 sive stress increases, the asymmetry disappears but the 
rowing of the width of pulse height distribution gives double-peak pattern is sustained. The compressive stress 
rise to an initial and relatively high peak in the histo- dependence of these two characteristics is explained as 
gram waveform. Zero residual stress results in a wide, follows. 

broad crown in the histogram waveform while increas- The double-peak pattern has been recognized as a 
ing negative or compressive forces lower and further 45 characteristic of an MAE spectrum obtained with an 
widen the crown in the pulse height distribution histo- AC magnetic field frequency much lower than 20 Hz as 
gram waveform. used in this invention. For example, the appearance of 

FIG. 5 shows the results obtained at —50 MPa by this pattern in an MAE burst at 0.7 Hz is well known, 

applying an AC magnetic field perpendicular to the The double peak pattern has been attributed to the slow 

uniaxial stress axis of the test sample. None of the results 50 rate of flux change that allows the 90° domain walls to 
obtained with this magnetization scheme showed any spend sufficient time between two major potential barri- 
particular form of MAE pattern under uniaxial stress. ers that these walls encounter just before and after 
For a direct comparison, each pulse height distribution ±Hc, where He is the coercive field. It has been dis- 
histogram is fitted to the Gaussian distribution, covered in accordance with this invention that if the 
N(x) = Noexp(cr 2 x 2 ) by means of a computer 23 whete 55 rate of 90° domain wall movement is lowered indepen- 
the width of the distribution is directly influenced by dently, the double-peak pattern in the MAE burst ap- 

the magnitude of <x. A computer 23 that may be used for pears almost regardless of the frequency of the applied 

processing the output of a multi-channel analyzer 22 to AC field. 

perform this operation is an HP9000, Series 300 com- The asymmetry in the MAE burst has also been ob- 
puter manufactured by Hewlett-Packard Corporation 60 served previously in highly embrittled, residual stress- 
of Cupertino, Calif. free, HY-80 steel samples. The effect of embrittlement 

The results are summarized in FIG. 6. As seen in this in this ferromagnet is to increase the height of the effec- 

figure, the trend in the uniaxial stress effects on the tive potential barriers, resisting the 90° domain wall 

MAE spectral characteristics is not particularly differ- motion, at the grain boundaries. Each 90° domain wall 
ent for two different magnetization schemes. This 65 moves along a different path during the field-induced 
means that the MAE technique alone cannot distinguish domain wall motion process. Some of these domain 
between the presence of tensile residual stress and com- walls encounter stronger barriers and fail to execute 
pressive residual stress. their complete motion. The rate of 90° domain move- 
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ments under this condition should be different for the 
motion toward the top of the barrier and that in the 
opposite direction. Since the MAE activity is a function 
of the rate of 90° domain wall movement, an asymmetry 
appears as the potential barriers are enhanced. If the 5 
external magnetic field-induced driving force is such 
that some 90° domain walls fail to complete their mo- 
tion, the asymmetry in the MAE burst also appears. 

Therefore, it is shown the effect of the presence of 
uniaxial compression is to slow down the 90° domain 1° 
wall motion that is induced by an AC magnetic field 
applied parallel to the stress axis. This is consistent with 
what can be expected from the various interactions. . 
Upon the application of uniaxial compression, the do- 
mains tend to align perpendicular to the stress axis. 15 

Under this condition, any 90° domain wall motion, 
due to applied magnetic field, that increases the total 
magnetoelastic energy of the system will face a resis- 
tance. The presence of uniaxial compression, hence, 
tends to slow down the 90° domain wall motion. For the 20 
range of —50 MPa and —75 MPa, the combined effects 
of compressive stress-induced resistance of 90° domain 
wall motion and the momentary increase in the area of 
these walls seem to be the main cause of the spectral ^ 
characteristics described above. With the magnitude of 1 
compressive stress beyond this range, less 90° domain 
walls are available and their motion becomes even 
slower to produce smaller peak amplitude of MAE 
burst. At the same time, the symmetry in the spectrum 
is restored. 

A preferred apparatus is shown in FIG. 9 for practic- 
ing the methods of this invention as previously de- 
scribed and as further illustrated in FIG. 10 and FIGS. 

11 a-b. The preferred circuit shown in FIG. 9 can be 
described by explaining the major differences in opera- 
tion of the MAC and MAE measurement circuits which 
are activated by selector switch S when turned to posi- 
tion A or B respectively. All circuit components are 
known or commercially available and their operation 
need not be described in detail. The current path in the 
MAC and MAE circuits are identified by arrows A and 
B respectively. The MAC circuit uses a narrowband 
ultrasonic transducer 12, e.g., 5 MHz, 10 MHz, and so 
on, while the MAE circuit uses a broadband acoustic 
emission transducer 13 because acoustic noise contains 
many frequency components. 

In the MAC circuit, ultrasonic pulses are generated 
and detected by transducer 12 but in the MAE circuit 
the acoustic emission transducer 13 passively detects 
the acoustic emission signals generated by magnetic 
domain wall motion. 

In the MAC circuit, an external magnetic field is 
established by electromagnet EM when energized by a 
control voltage from signal generator 14 and PS/Amp 
PS. The control voltage is applied incrementally from 
zero to a maximum value in about a minute. An integrat- 
ing fluxmeter FM measures the total magnetic flux in 
the test member TM while voltmeter VM measures the 
voltage, both results being sensed and stored in com- 
puter 23. In the MAC measurement circuit, the com- 
puter 23 is programmed to control the signal generator 
14 and disconnect differential amplifier 8 by disconnect- 
ing switch S at position A. The computer also receives 
and stores the outputs from the fluxmeter FM and volt- 
meter VM. In the MAE measurement circuit, the com- 
puter 23 is programmed to connect differential amplifier 
8 by connecting switch S at position B. 
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During this time, a pulsed-phase locked loop oscilla- 
tor circuit (P2L2) 16 and frequency counter 17 mea- 
sures the fractional changes in acoustic natural velocity 
(equivalent to the fractional changes in phase-locked 
ultrasonic waves) which changes are stored and dis- 
played in computer 23. 

In the MAE measurement circuit, an AC magnetic 
field is applied to test member TM when energized over 
many cycles of a sinewave control voltage generated by 
the signal generator 14. The frequency of the control 
voltage is regulated by computer 23. 

The pickup coil PC is connected to the amplifier PS 
through differential amplifier 8 with switch S in posi- 
tion B to provide a feedback signal that assures the 
presence of the required magnetic field in the test mem- 
ber TM. The applied magnetic field follows the sine- 
wave output voltage generated by the signal generator 
14 the amplitude and frequency of which is controlled 
by computer 23. 

As shown the MAC measurement technique mea- 
sures the changes in acoustic natural velocity as a func- 
tion of net magnetization induced in a ferromagnetic 
member. Since the acoustic waves create local stress, 
90° domain walls respond to the acoustic waves by 
moving their positions and the process effectively re- 
duces the elastic modulus of the material. 

The application of an external magnetic field using 
the signal generator 14 changes magnetic domain struc- 
ture, which in turn, modifies the availability of 90° do- 
main walls that interact with the acoustic waves. This 
means that the elastic modulus varies continuously upon 
application of an external magnetic field. The domain 
structure before the application of the external field is 
predetermined uniquely based on the sign and magni- 
tude of residual stress. 

Depending on the residual stress states and the w.ay 
the external magnetic field is applied, the availability of 
the 90° domain wall varies also uniquely. With simple 
model based on the above facts, it is shown that the 
elastic modulus decreases at the initial stage of magneti- 
zation process, when the magnetic field is applied paral- 
lel to the compressive uniaxial stress axis. In this partic- 
ular condition, the elastic modulus reaches a minimum 
which corresponds to the maximum 90° domain wall 
area in the material, and with the field increases 90° 
walls begin to disappear as the sample approaches satu- 
ration. 

For MAC measurements, the narrow band acoustic 
transducer 12 is used either in pitch-catch or pulse echo 
modes. The phase difference of the acoustic waves 
which are transmitted through the TM, reflected by the 
opposite wall, and travel back through the TM for 
reception, is proportional to the transit time of the 
waves in the sample which is directly related to the 
wave velocity, which, in turn is directly related to the 
elastic modulus. A known pulsed-phase-locked-loop 
(P2L2) oscillator circuit is used for the automated mea- 
surements of normalized acoustic velocity changes in 
the sample. As known, the actual parameters measured 
are the fractional frequency changes necessary to main- 
tain the constant phase difference between the transmit- 
ted and received waves, while the wave speed changes. 
The frequency changes at an instant during the mea- 
surements are measured by the frequency counter 17 
which interfaces to the desktop computer 23. 

In accordance with the invention, and as shown in 
FIG. 10, the MAC circuit is first used to detect the 
presence (FIG. 11(a)) or absence (FIG. 11(6)) of uniax- 



5 , 164,669 


9 

ial compressive stress without requiring a calibration 
standard. As previously described, this is because of the 
discovery of a negative initial slope of frequency 
change as a function of applied field to net magnetic 
induction as shown in FIG. 11(a). This unique effect of 5 
uniaxial compressive stress for MAC measurements has 
been proven to be universal, i.e., for any kind of steel 
sample regardless of its treatment history or impurity 
concentration. The MAC measurement circuit, how- 
ever, as demonstrated is not effective in detecting or 10 
distinguishing the presence of uniaxial tensile stress as 
shown in FIGS. 7 and 8 and as possibly illustrated in 
FIG. 11(b). 

In accordance with the invention, the MAE measure- 
ment technique uses a broad band acoustic transducer 15 
13 for passive detection of acoustic noise generated by 
the motion of magnetic domain walls induced by an AC 
external magnetic field. This acoustic noise is detected 
by transducer 13, the output of which is amplified in a 
pre-amp 19 and processed in a digitizer 21 and a multi- 20 
channel analyzer 22 for storage and display m a desktop 
computer 23. The digitizer 21 is provided as a redun- 
dant check of the output of the multi-channel analyzer 
22 . 

As is known, the MAE spectral characteristics of the 25 
resulting acoustic noise pattern largely depends upon 
the structure of magnetic domains. Any stress, other 
than hydrostatic pressure, affects the domain structure 
of a ferromagnetic test member TM in a certain way to 
minimize the total system interaction energy. There 30 
exists two types of magnetic domain walls in iron base 
ferromagnetic materials, which include nearly any type 
of steel; 90° and 180° domain walls. The motion of 90° 
domain walls cause change in local strain field which 
releases elastic energy that can be detected as acoustic 35 
noise signals by a transducer. 

Only 90° domain walls respond to stress by moving 
their positions such that the interaction energy between 
the magnetic and lattice system can be minimized. Ten- 
sile stress applied to a steel sample removes most of the 40 
90° domain walls and the domain structure is dominated 
by the 180° walls. With an application of AC magnetic 
field under this condition, the motion of 180° walls is the 
major magnetization mechanism which does not create 
any substantial acoustic noise. The experimental results 45 
have shown that this effect is sensitive to the tensile 
stress magnitude. 

The magnetoacoustic emission MAE signals detected 
by the acoustic emission transducer 13 are displayed as 
shown in FIGS. 1, 2, 3 and 5 on an oscilloscope 20 for 50 
a first step visual check before being fed into the multi- 
channel analyzer 22, a Series Plus multi-channel analy- 
zer made by Canberra Industrious, Inc., Meriden, Conn. 

A pulse height distribution analysis is performed in 
accordance with a known technique to produce a histo- 55 
gram waveform of the MAE spectra. 

The histogram, which is stored and displayed as a 
waveform in computer 23, is fitted to a governing theo- 
retical equation as explained to yield certain parameter 
values that determine the shape of the pulse height 60 
distribution curve as illustrated in the waveforms in 
FIGS. 4 and 11(c) and (b). 

As discovered, and as explained, the pulse height or 
amplitude distribution becomes narrower with an in- 
creased amplitude of tensile stress as shown in FIG. 65 
11(c). The presence of an initial narrow and high peak in 
the pulse height distribution waveform signifies the 
presence of an undesirably high tensile residual stress. 
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This is because the effect of compressive stress, as has 
been discovered, is to be very small in the generation of 
MAE signals. 

It is thus shown that MAE measurements are insensi- 
tive to uniaxial compression. However, there exists a 
possibility that a highly compressed state can be mis- 
taken as a stress state with a low magnitude tension. To 
avoid such a conclusion, it is important to first know 
whether the test member TM is under residual compres- 
sion, which is determined by using the MAC measure- 
ment technique as shown in the first step of FIG. 10. 

Assuming an absence of compressive residual stress in 
the test member TM, switch S is selectively turned from 
position A to position B to conduct an MAE measure- 
ment as described. As shown in FIGS. 4 and 11(c) the 
MAE measurement clearly shows the difference be- 
tween the undressed state and that under tension. If the 
resulting MAE spectrum results in a histogram wave- 
form as shown in FIG. 11(d) then the residual stress in 
the test member TM is negligible or zero. Thus the 
invention includes two novel features: (1) a unique ap- 
plication of an MAE measurement technique for the 
detection of residual tensile stress; and (2) the combined 
use of the unique MAE measurement technique and the 
MAC technique to provide method and apparatus for 
characterizing residual uniaxial stress in structural fer- 
romagnetic members, mainly steel. 

The many features and advantages of the present 
invention are apparent from the detailed specification, 
and thus, it is intended by the appended claims to cover 
all such features and advantages of the method an appa- 
ratus which fall within the true spirit and scope of the 
invention. Further, since numerous modifications and 
changes will readily occur to those skilled in the art 
based upon the disclosure herein, it is not desired to 
limit the invention to the exact construction and opera- 
tion illustrated and described. Accordingly, all suitable 
modifications and equivalents may be resorted to falling 
within the scope and the spirit of the invention. 

What is claimed is: 

1. A method of characterizing residual stress in a 
ferromagnetic test member comprising the steps of: 
applying a DC magnetic field that varies in strength 
from zero to a maximum value over a determined 
interval of time to said test member; 
simultaneously applying a beam of acoustical energy 
to said test member to produce an acoustical en- 
ergy propagation through said test member; 
sensing as a waveform the changes of velocity in the 
acoustical energy propagation at selected times 
during said determined time interval; 
relating said resulting changes in the velocity of the 
acoustical energy propagation to the forces pro- 
ducing residual stress in said test member, the ini- 
tial slope of said waveform from zero to a small 
value of applied DC magnetic field characterizing 
the residual stress in said test member, wherein a 
negative initial slope in the waveform indicates 
significant compressive residual stress in said test 
member, and wherein a positive initial slope in the 
waveform indicates either the presence of signifi- 
cant tensile residual stress in said test member or a 
negligible stress condition in said test member; 
applying an AC magnetic field to said test member 
over a subsequent, determined time interval; 
simultaneously sensing as a pulse histogram acousti- 
cal emission signals generated in said test member 
resulting from the applied AC magnetic field; and 
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relating the resulting pulse histogram to residual 
stress in said test member to distinguish between 
tensile residual stress and either compressive resid- 
ual stress or a negligible residual stress condition, 5 
wherein a relatively high and narrow initial peak in 
the histogram indicates a significant tensile residual 
stress in said test member. 

2. The method of claim 1 wherein an initial lower and 
wider crown in the pulse histogram indicates a negligi- 1° 
ble residual stress condition in said test member. 

3. The method of claim 1, wherein the DC magnetic 

field is applied parallel to a uniaxial stress axis in said 
test member. 15 

4. The method of claim 1 wherein the DC magnetic 
field is applied perpendicular to a uniaxial stress axis in 
said test member. 

5. The method of claim 1 wherein the AC magnetic 
field is applied parallel to a uniaxial stress axis in said 2 P 
test member. 

6. The method of claim 1 wherein the AC magnetic 

field is applied perpendicular to a uniaxial stress axis in 
said test member. 25 

7. The method according to claim 1, wherein said 
step of applying the magnetic field to said test member 
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comprises applying the magnetic field such that it in- 
creases incrementally from zero to the maximum value. 

8. A method for characterizing residual stress in a 
ferromagnetic test member comprising the steps of: 

applying an AC magnetic field to said test member 
over a determined time interval; 

simultaneously sensing as a pulse histogram acousti- 
cal emission signals generated in said test member 
resulting from the applied AC magnetic field; and 

relating the resulting pulse histogram to the residual 
stress in said test member to distinguish between 
tensile residual stress and either compressive resid- 
ual stress or a negligible residual stress condition, a 
relatively high and narrow initial peak in the pulse 
histogram indicating a significant tensile residual 
stress in said test member. 

9. The method according to claim 8, wherein an ini- 
tial lower and wider crown in the pulse histogram signi- 
fies a negligible residual stress condition in said test 
member. 

10. The method of claim 8 wherein the AC magnetic 
field is applied parallel to a uniaxial stress axis in said 
test member. 

11. The method of claim 8 wherein the AC magnetic 
field is applied perpendicular to a uniaxial stress axis in 
said test member. 

* * * * * 
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